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ABSTRACT 

An analysis of high- resolution Anglo- Australian Telescope (AAT) / University College 
London Echelle Spectrograph (UCLES) optical spectra for the ultraviolet (UV)-bright 
star ROA 5701 in the globular cluster uj Cen (NGC5139) is performed, using non- 
local thermodynamic equilibrium (non-LTE) model atmospheres to estimate stellar 
atmospheric parameters and chemical composition. Abundances are derived for C, 
N, O, Mg, Si and S, and compared with those found previously by Moehler et al. 
We find a general metal underabundance relative to young B-type stars, consistent 
with the average metallicity of the cluster. Our results indicate that ROA 5701 has 
not undergone a gas-dust separation scenario as previously suggested. However, its 
abundance pattern does imply that ROA 5701 has evolved off the AGB prior to the 
onset of the third dredge-up. 

Key words: stars: abundances - stars: AGB and post-AGB - stars: early-type - stars: 
individual: CI* NGC 5139 WOR 1957 - globular clusters: individual: NGC5139 



1 INTRODUCTION 

Stars with initial masses between 0.8 and 8 Mq pass 
through the Asymptotic Giant Branch (AG B) phase of evo- 
lution , and undergo significant mass loss ilben fc Renzinil 
^S^). Evolving from the tip of the AGB to the planetary 
nebula stage, stars move through the post-AGB phase 
(typically 10'^ - 10^ years), during which the circumstellar 
dust shell moves away from the st ar and decreases i n 
temperature, from ~ 400 to 100 K jZiilstra et al.lll992l) . 
The properties of post - AGB stars have been r e viewe d 
by, for example, iKwokl ^1993^ and IVan Winckell J2003l) . 
This evolutionary phase is important as it provides an 
insight into nucleosynthesis and mixing processes during 
the later stages of stellar evolution. Most post-AGB stars 
have been identified from their infrared excess (e.g., from 
IRAS observations), originating from the circumstellar 
dust shell. This shell is more readily detected during the 
initial stages of post-AGB evolution, when it is relatively 
hot and close to the star, and hence the majority of stars 
identified as being at a post-AGB evolutionary stage have 
. just left the AG B and are of spectral type A, F or G 
JOudmaiied Il996l) . However, there are many features of 
post-AGB evolution which are not yet fully understood. For 
example, several stars exhibit abundance patterns similar 
to interstellar gas, with elements such as Mg, Si, Al, Ca, 
Ti etc following the very low Fe abundance, while C, N, 
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O and S are near solar dVan Winckel. Waelkens fc Wateri 
I995I: see, for example. Ihuc k & Bond 19^ 
Parthas^^h^^Garci^^ari^&Ptattasc^ 1199! 



Napiwotzki. Heber fc KoppenI Il994) . iMathis fc Lamerj 
^^9^ discussed the conditions necessary for such a 
'cleaned-up' photosphere in post-AGB stars, suggesting 
that the process is likely to occur during mass transfer 
between members of a b inary system, or accretion triggered 
by a binary companion. IWaters. Trams fc Waelkens! lll992h 
added that accretion of material from a circumstellar disc 
around a binary system was a favorable scenario. In this, 
grains form in the circumstellar shell produced during the 
AGB phase, and the subsequent slow accretion of gas from 
the material result s in th e observed abundance patterns. 
I Van Winckel et al.l il995l) found that all the extremely 
iron deficient post-AGB stars, known at that time, were 
binaries, supporting this hypothesis. 

Although the majority of post-AGB candidates are cool 
objects, several B-type stars originally classified as Popu- 
lation I stars are now believed to be at this evolutionary 
stage, on the basis of their derived atmospheri c parameters 
and chemical compositions (see, for example, iRvans et alJ 
These B-type stars should be evolving from the cooler 
post-AGB stars, but significant differences are displayed. 
The most obvious is the large carbon underabundance found 
for several hot objects, which may imply that they have 
left the AGB prior to the onse t of the third dredge-up 
(for example. IConlon et alJll99ll: iMcCausland et aljfl99a: 
iRvans et al]|2003t Ijasniewicz et alJl2004l) . 
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The abundance differences between hot and cool post- 
AGB candidates indicate that further study is required to 
fully understand this evolutionary stage. It is important 
to begin by studying hot post-AGB objects of known ini- 
tial metallicity, rather than field stars of unknown origin. 
Such a sample are the ultr aviolet (UV)-bright stars found in 
several globular clusters iConlon^ Dufton fc Keen an|ll994l: 



1 . 1 



1 .0 



iDixon. Brown fc LandsmanI 120041: iMoonev et al.l 12004 . 

whose post-AGB nature has been established from 
their position in the cluster colour-magnitude diagram 
iLandsman_et_al .l2000h. The term ' UV-b right' was first sug- 
gested bv Tzim^Newellfc Gibson! ^1972^ and denotes stars 
which have ultraviolet fluxes larger than t hose in eithe r 
the red giants or the horizontal branch stars (lNorrislll974l . 
For an excellen t review of hot stars in globular clusters see 
iMoehlerl ll200ll) . 

ROA5701, in the Galactic globular cluster uj Centauri, 
is a well studied UV-bright star due to its relative brigh tness 
jNorrij|l974l : ICacciari et al.ll984l:lMoehler et alJll998h . The 
metal-poor uj Cen is known to have (at least) three stellar 
populations, with metallicities: [Fe/H] ~ -1.6, correspond- 
ing to the metal poor population containing the bulk of the 
stars, [Fe/H] ~ -1.2 for an intermediate metallicity popula- 
tion and [Fe/H] -0.5 for a metal-rich p opulation compris- 
ing 5 per cent of the stars (IBedin et alJ [2004: Hil ker et alJ 
12004 ': 'Norris''2004': |Piotto et alj2005h . In this paper, we anal- 
yse high-resolution optical spectra of ROA5701 using non- 
local thermodynamic equilibrium (non-LTE) model atmo- 
sphere techniques to estimate its atmospheric parameters 
and chemical composition, leading to a reconsideration of 
its evolutionary status. 



2 OBSERVATIONS AND DATA REDUCTION 

The spectroscopic data presented here were obtained with 
the 3.9-m Anglo-Australian Telescope (AAT) on the nights 
of 2000 July 15 and 16. The University College London 
EcheUe Spectrograph (UCLES) was used with the MITLL 
2A CCD (2048 x 4096) detector, the 31 groove mm"^ grat- 
ing and the 70 cm camera, giving a linear dispersion of 2 
Amm~^ and a spectral resolution [full width at half maxi- 
mum (FWHM)] of 7? ~ 40000. The read-out noise and gain 
were 1.8 e~ and 0.37 e~ ADU~^ respectively. Two overlap- 
ping wavelength regions were observed, resulting in a spec- 
tral coverage of 3760-9400 A. Flat-field and bias frames 
were exposed at the beginning and end of the nights, while 
thorium-argon wavelength calibration spectra were inter- 
weaved with the stellar spectra. Reduction of the raw two di- 
mensional CCD images were performed using standard pro- 
cedure s within the Image Reduction and Analysis Facility 
(iraf; lBarneslll993) . Procedures such as bias subtraction 
and fiat fieldi ng were achieved using the CCDRED package 
jMassevlll997ll . Cosmic-ray removal, sky subtraction, stel- 
lar extraction a nd wavelength calibration were performed 
using SPECRED jMassev. Valdes fc Barneslll992l) and doec- 
SLIT llValdejll99a) ! 

After extraction, the spectra were co-added (resulting 
in a signal-to-noise r atio of ^ 30) and inse rted into the Star- 
link package dipso iHowarth et alJl2004^ for further analy- 
sis. The spectral continuum was normalised, with low-order 
(< 5) polynomials in regions of spectra free from absorption 
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Figure 1. Observed and theoretical line profile for H/3 at 4861 A 
in the spectrum of ROA5701. The theoretical profiles have been 
generated for surface gravities of 3.0, 3.25 and 3.5 dex (lower, mid- 
dle and upper smooth curves, respectively), and imply a surface 
gravity of log g = 3.2 dex. 



lines. Following this, they were radial velocity shifted to the 
restframe, using unblended metal and hydrogen lines. This 
resulted in the kinematical Local Standard of Rest radial 
velocity visr ~ -1-246 ± 3 kms~ , using corrections gener - 
ated by the Starlink progam RV dWallace fc Clavtonlll99il . 
Equivalent widths were measured for metal absorption lines 
by utilising the emission line fitting (ELF) routines within 
DIPSO. ELF uses non-linear least squares Gaussian fitting, 
with line-centre, linewidth and line-strength as variable pa- 
rameters. The typical FWHM for the metal absorption line 
spectrum was ~ 11 kms~^, indicating that a small amount 
of broadening is evident in the lines. The error associated 
with the measure ment of equivalent widths has been pre- 
viously discussed llDufton et alj[l99oll . with a well-observed 
unblended feature having an accuracy of typically 10 per 
cent (designated as quality a in Table 0, a weak or blended 
feature accurate to 20 per cent (designated b), and weaker 
features with accuracy less than 20 per cent (designated c). 
For the Balmer hydrogen lines (i.e., Ha, H/3, H5, H7) and 
diffuse He I lines, equivalent widths were not measured, but 
theoretical profiles were fitted to the normalized observa- 
tional data (see, for example. Fig. . 



3 ANALYSIS 

3.1 Non-LTE atmosphere calculations 

Non-Local Thermodynamic Equilibrium (non-LTE) model 
atmosphere grids ha ve been calcu l ated using the codes 
TLUSTY and SYNSPEC I Hubenvlll988l : iHubenv fc Landll995l : 
iHubenv. Heap fc Landll998D and employed to derive chem- 
ical abundances and atmospheric parameters. Detailed 
discussions o f the grids and methods can be found in 
iRvans et all J2003ll and iDufton et aP (l2005ll . and also at 
http://star.pst.qub.ac.uk . 

Essentially, four grids have been developed with metal- 
licities based on our Galaxy (i.e., Fe abundance of [Fe/H] 
= 7.5 dex, where [H] = 12.00), and metallicites reduced by 
0.3 dex [Large Magellanic Cloud (LMC)], 0.6 dex [SmaU 
Magellanic Cloud (SMC)] and 1.1 dex (for low metallic- 
ity regimes). Approximately 3000 models were calculated 
per metallicity (i.e., 12000 in total) for a range of effective 



Table 1. Equivalent width measurements and corresponding 
abundances for the observed metal lines. 



Wavelength (A) 


Species 


W (mA) 


Quality^ 


Abundance* 


3911.96+ 


On 


23 


a 


7.52 


3919.28 


On 


30 


b 


7.98 


3945.04 


On 


17 


b 


7.65 


3954.37 


On 


41 


a 


7.81 


3982.71 


On 


19 


c 


7.70 


4069.62+* 


On 


42 


a 


7.72 


4069.89+* 


On 


47 


a 




4072.16 


On 


59 


a 


7.60 


4075.86 


On 


66 


a 


7.52 


4078.84 


On 


18 


a 


7.70 


4132.80 


On 


27 


a 


7.79 


4185.46 


On 


31 


a 


7.77 


4317.14+ 


On 


38 


a 


7.75 


4319.63 


On 


36 


a 


7.71 


4349.43 


On 


64 


a 


7.73 


4351.27+ 


On 


38 


a 


7.46 


4366.90+ 


On 


40 


a 


7.71 


4369.27 


On 


11 


c 


7.83 


4395.93 


On 


16 


c 


7.84 


4414.91 


On 


64 


a 


7.67 


4416.98 


On 


50 


a 


7.77 


4590.97 


On 


45 


a 


7.61 


4596.17 


On 


40 


a 


7.65 


4638.86 


On 


52 


a 


7.82 


4641.81 


On 


87 


a 


7.79 


4649.14+* 


On 


94 


a 


7.67 


4650.84+* 


On 


47 


a 




4661.64 


On 


50 


a 


7.72 


4676.24 


On 


39 


b 


7.69 


4699.22+ 


On 


28 


b 


7.55 


4705.35 


On 


32 


b 


7.59 


4710.01+ 


On 


20 


b 


8.17 


4906.83 


On 


18 


c 


7.62 


4924.53 


On 


38 


a 


8.00 


4941.07 


On 


16 


b 


8.01 


4943.00 


On 


20 


b 


7.89 


3995.00+ 


Nil 


44 


b 


6.97 


4241.78+ 


Nil 


14 


c 


7.57 


4447.03 


Nil 


12 


c 


6.81 


4630.54 


Nil 


30 


b 


7.00 


4643.09 


Nil 


17 


b 


7.17 


5001.00+ 


Nil 


46 


b 


6.92 


5005.15 


Nil 


31 


b 


6.88 


5007.33 


Nil 


14 


c 


7.06 


4267.00+ 


On 


< 10 




< 6.28 


6578.05 


On 


< 10 




< 6.51 


4088.85 


Sirv 


38 


a 


5.97 


4116.10 


Sirv 


22 


a 


5.91 


4552.62 


Sim 


73 


a 


5.94 


4567.82 


Sim 


50 


a 


5.93 


4574.76 


Sim 


22 


a 


5.95 


4481.00+ 


Mgn 


21 


c 


6.27 


4253.49 


Sin 


17 


c 


5.71 


4529.19 


Aim 


< 10 




< 5.21 



ta = a typical accuracy of 10 per cent, b = a typical accuracy of 
20 per cent, c = an accuracy less than 20 per cent. 
*Logarithmic abundance [M/H] on the scale log[H] = 12.00. 
+Treated as blends in TLUSTY. 

*The equivalent widths of the adjacent lines were combined to 
produce the corresponding abundances shown. 
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temperatures (Tofj = 12000-35000 K), logarithmic gravities 
(log g = 4.5 dex down to close to the Eddington limit de- 
pending on the effective temperature) and microturbulences 
= 0-30 kms"'^). For each grid the iron abundance was 
fixed and the other abundances (C, N, O, Mg, Si, S) were 
varied around their base rate from -0.8 to +0.8 dex. 

A crucial assumption with this method is that the metal 
line blanketing is dominated by iron. The atmospheric struc- 
ture is then defined by the iron abundance (metallicity) , the 
effective temperature, gravity an d microturbulance ( which 
affects the amount of blanketing). iHubenv et ahl il99d) have 
discussed the effects of including different amounts of line 
blanketing in their tlusty model atmospheres. They find 
that while the inclusion of hght elements is important, the 
iron group elements dominate the line blanketing. Addi- 
tionally a comparison for models including only iron, and 
iron and nickel, line blanketing indicated that the inclusion 
of nickel leads to only modest changes with, for example, 
the UV continuum changing by about 5 per cent. Hence al- 
though the exclusion of this source of blanketing may lead 
to additional uncertainty in the atmospheric parameters and 
chemical compositions, it is unlikely to invalidate the results 
found here. It is also assumed that the adopted abundances 
of the hght elements can va ry without significan tly affecting 
the atmospheric structure. iDufton et alJ l|200^ tested this 
assumption by considering a variety of sets of atmospheric 
parameters. For each set, the abundance of one of the hght 
elements was fixed, while those of the other light elements 
were allowed to vary. They found that changes in equivalent 
widths were always less that 5 per cent, thus implying that 
the assumption is reasonable. 

The models were used to calculate spectra, which pro- 
vide theoretical profiles of Hi and He'l lines, and profiles 
and equivalent widths of transitions in light metals for a 
range of abundances. The theoretical metal line equivalent 
widths were accessed via a GUI interface written in Interac- 
tive Data Language (IDL), which allows the user to interpo- 
late in order to calculate equivalent widths and abundance 
estimates for approximately 2 00 metal lines for any given 
set of atmospheric parameters. iRvans et alj i2003l) reported 
that the abundance increment of 0.4 dex used in the grids 
was sufficiently fine to ensure that no significant errors were 
introduced by the interpolation procedures. Full theoretical 
spectra are also available for any given model. 



3.2 Atmospheric parameters 

The atmospheric parameters were determin ed using stan - 
dard procedures dis c ussed in, for examp le, iKilianI il992l) : 
iTrundle et all ll2004^ : lHunte^ et alJ J2005h . and will only be 
covered here briefiy. The parameters of effective tempera- 
ture, gravity, microturbulence and metallicity (iron content) 
of the star are interrelated so an iterative process is required 
to determine each parameter. The grid with an iron abun- 
dance of 1.1 dex below solar was selected, as this was most 
appropriate to the metallic ity of the uj Cen globular cluster, 
namely [Fe/H] = -1.2 dex dPiotto et al..2005'l . The validity 
of this grid selection will be discussed below. The adopted at- 
mospheric parameters and associated errors are listed in Ta- 
blelD together with those derived previously for ROA 5701 
lNorrij|l974l : ICacciari et ai]ll984l: iMoehler et aI]ll998^ . 



4 H. M. A. Thompson et al. 



Table 2. Adopted atmospheric parameters f or ROA 5701 as de- 
rive d here and previously bv lNorris L1974) . .Cacciari et al.l l^gj 
and lMoehler et alj ^991). 



Star 




Teff 

lO^'K 


log g 
dex 


kms^^ 


This paper 




25 ± 1 


3.2 ± 0.2 


5 ± 5 


Moehler et al. 


(1998) 


22-24.5 


3.2-3.4 


2-3 or 20 


Cacciari et al. 


(1984) 


24 






Norris (19741 




26.6 


3.5 





1.2^ 




4550 4560 4570 4580 4590 4600 
Wavelength (A) 



Figure 2. Portion of the observed spectrum for ROA 5701 in the 
restframe, covering the wavelength region 4550-4600 A, showing 
several O II and Si III transitions. 

3.2.1 Effective temperature, T^s 

An estimate for the effective temperature, T^s, was deter- 
mined by balancing the abundance estimated for siUcon from 
different ionization stages (Sim and Siiv), initially assum- 
ing a surface gravity of 3.2 dex and a microturbulence of 
5 kms~^, leading to a final effective temperature estimate, 
Tcff = 25000 K. The Hen line at 4541.59 A was not ob- 
served, and using theoretical profiles it was possible to put 
an upper limit of T^s < 26000 K, assuming a normal helium 
abundance. Therefore, the error adopted for the effective 
temperature is ± 1000 K, which would produce a change in 
the silicon abun dance estimates o f ± 0.1 dex for Sim and ± 
0.3 dex for Silv. lLee et al.l i2005l) found that using grids of 
different iron abundances changed the estimate by typically 
^ 500 K, so this should not be a major source of error. 

3.2.2 Logarithmic gravity, log g 

The surface gravity was estimated by comparing the ob- 
served spectrum in the region of the Balmer lines with the- 
oretical profiles, and led to an estimate of log g = 3.2 dex 
(Fig. . Using different iron abundance grids did not affect 
the gravity estimate, while the quality of the observed spec- 
trum implies an uncertainty associated with the fitting of 
approximately ± 0.2 dex. 

3.2.3 Microturbulence, 

The microturbulence was initially assumed to be 5 kms~^ 
for the purposes of estimating the effective temperature 



and surface gravity. In order to constrain this value, the 
abundance estimates from 34 observed On lines were ini- 
tially assumed to be independent of the line strength (i.e., 
a plot of abund ance against l i ne str ength has a zero gra- 
dient). However. iHunter et alJ i2005h state that using On 
lines from different multiplets may compromise the validity 
of this method. Therefore, the Sim multiple! (Fig. |5J was 
also used to remove this compromise. The O ll and Si ill mul- 
tiplets were in agreement, giving an estimate of 5 kms~^, 
with an adopted error of ± 5 kms~^ to allow for the uncer- 
tainty in the analysis. Using different metallicity grids again 
did not alter these estimates. 

3.3 Abundances 

The adopted atmospheric parameters (as shown in 
Table |5J were used to determine non-LTE abun- 
dances for ROA 5701. The atomic data were mainly 
taken from http://star.pst.qub.ac.uk , wit h addi- 
tional sources being Hamblv ct aU lll996al lbl) and 
ISarkar. ParthasarathvfcReddvl (|200^. Table [H con- 
tains the observed wavelengths at the restframe, equivalent 
widths and abundance estimates for the metal lines ob- 
served. For the Cll and Aim lines, it was only possible 
to derive upper limits for the equivalent widths and cor- 
responding element abundances. These upper limits were 
estimated by fitting theoretical profiles to the appropriate 
spectral region, allowing for the quality of the spectra and 
surrounding features. In some cases more than one line 
contributes to the measured equivalent width, and these 
lines are treated as blends in tlusty. 

Table |21 contains the abundance estimates for each 
species along with their error estimates. Als o included are 
the abundance values found previously by iMoehler et alJ 
0,9983 for ROA 5701. Non-LTE abundance estima tes for 
samp l es of y oung B-type stars, both in the local field iKilianI 
Il992l Il994i) and in the young Galactic cluster NGC6611 
(Hunter; in preparation), are also presented. The latter have 
been determined using the tlusty code, as in the present 
paper. Typical interstellar mediu m (ISM) abundances for 
the e lements are also tabulated jWilms. Allen fc McCravl 
|2000D . 

The errors associated with the derived abundances arise 
from random errors connected with analysing the data, such 
as observational uncertainties, errors in oscillator strengths 
and line fitting, and from systematic errors arising from the 
stellar atmospheric parameter estimates. The random uncer- 
tainty is taken as the standard deviation of the abundances 
for any given species divided by the square root of the num- 
ber of lines observed of that species. If only one line of a 
species was observed, e.g., Mgll, the random uncertainty 
was taken to be the standard deviation of the best-observed 
species, O ll. The systematic uncertainties were estimated by 
changing each parameter in turn by its associated error, and 
the resulting abundance was compared to the abundance 
values shown in Table |3 The random and systematic errors 
were then squared, summed and square rooted to give the 
total uncertainties as shown in Tabled Hunter et al. (200j) 
gives further details of this methodology. 

There are currently no non-LTE grids available for S ill 
and Aim, and for these elements a non-LTE model was 
calculated (using tlusty) for the adopted atmospheric pa- 
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rameters, which was then used to generate theoretical LTE 
equivalent widths. These were used to derive abundance es- 
timates, which are listed in Table |31 along with the uncer- 
tainties utilizing the same method as discussed above. 



4 RESULTS AND DISCUSSION 

The adopted atmospheric parameters are shown in Table |5| 
The absolute abundance estimates are summarized in Table 
01 with differential abundances in Table |1] In the following 
subsections these results are examined, and considered with 
previous work, leading to a discussion of the evolutionary 
status of ROA 5701. 

4.1 Chemical composition of ROA 5701 

Helium abundances have not been derived explicitly in our 
work; instead a normal helium abundance has been assumed 
throughout the analysis. To test this assumption, theoreti- 
cal model profiles were compared with the observed spectra 
at 4026, 4471 and 4921 A. Within the uncertainties of the 
atmospheric parameters, there is good agreement between 
theory and observation, and therefore this assumption ap- 
pears valid. 

There are a number of absorption lines in the ROA 5701 
spectrum due to O ll and N ll, for the majority of which the 
accuracy of their equivalent widths was better than 20 per 
cent. For oxygen there are four lines, and nitrogen three 
lines, with an accuracy worse than 20 per cent. If these 
lines are not included in the absolute abundance estimates, 
the resulting values would still be within the uncertainty 
of the abundances listed in Table |H] Therefore, including 
lines of poorer observational quality does not seem to ad- 
versely affect the abundance estimates. Although other lines 
attributed to O ll were detected, they are blended with hy- 
drogen and helium lines and have not been included in the 
non-LTE calculations. 

The carbon abundance is given as an upper limit, as it 
was only possible to estimate an upper limit for the C ll line 
equivalent widths (at 4267.00 and 6578.05 A ), due to the 
quality of the spectra. lEber fc ButleJ ilQSST) found that a 
carbon abundance from the 4267-A li ne can be red uced by 
up to 0.5 dex due to non-LTE effects. ISieutl il996t) demon- 
strated, through detailed non-LTE calculations, that the 
6578-A line is more reliable than the 4267-A line for Tcff 
< 25000 K. Therefore, the abundance shown in Table is 
from the 6578-A line only. 

For magnesium, it was possible to observe the doublet 
of Mgll at 4481 A, but the abundance appears reliable. The 
abundance estimates from the Sim spectrum are less sen- 
sitive to changes in atmospheric parameters compared with 
those from Si iv. As previously discussed, a change of effec- 
tive temperature (± 1000 K) alters the Sim abundance by 
± 0.1 dex and the Siiv abundance by ± 0.3 dex, which is 
reflected in the error estimates in Table |3 

A sulphur abundance was derived from a single line at 
4253.49 A, which is not normally used, due to the difficulty 
in resolving it from On lines at 4253.89 and 4253.91 A, 
for stars with significant rotational velocities. To investigate 
that this is indeed real and not a noise feature, the spectrum 
of 7 Peg, a main-sequence B-type star of Tad = 24000 K and 



log g = 4.0 dex jRvans et al.l[l99^ . was examined. This 
confirmed that the 4253. 49-A line is stronger than other ob- 
served sulphur features (i.e., those at 4284.90, 4361.47 and 
4364.66 A). The equivalent width (and hence abundance) 
derived does not appear to be affected by any contribu- 
tions from the O ll lines, although the abundance obtained 
is based on LTE calculations and may not be as reliable 
as those from a non-LTE analysis. However, iHunter et alJ 
^2005} found that for sulphur, the mean LTE abundance 
was lower than the non-LTE abundance by only 0.01 dex, 
and so concluded that non-LTE effects appear negligible for 
this species when using the appropriate atmospheric param- 
eters. 

Aluminium was not observed so an upper limit was set 
for the equivalent width and abundance estimate using the 
Aim line at 4529.19 A. This abundance in ROA 5701 is also 
based on LTE calculations and sho uld be treated with cau- 
tion. However, iHunter et alj (|200^ state that if the domi- 
nant ion stage is used to calculate the LTE abundance then 
this value will generally be in good agreement with non-LTE 
abundances. A feature was observed at 4512.41 A and had 
been originally classified as Aim (at 4512.56 A). However, 
using the 7 Peg spectrum, the relative line strengths were 
examined, showing that the Aim line at 4529.19 A should 
be a stronger feature. There was no absorption visible at 
4529.19 A indicating that the line at 4512.41 A, if real, is 
not due to Aim. 

No absorption due to iron was detected in the spectrum 
of ROA 5701. Adopting the a verage metal licity of the clus- 
ter (i.e., [Fe/H] = -1.2 dex: IPiotto et al.l Eo05'l. synthetic 
spectra were derived to investigate if strong Felll features, 
e.g., at 4419.60 A, would be observable. It was noted that, 
with spectra of a higher signal-to-noise, it is possible that 
these features would be observable, with predicted equiv- 
alent widths of > 10 mA. There was another unidentified 
feature, at 4352.55 A, which was originally thought to be a 
Felll line at 4352.58 A. However examining the spectrum of 
7 Peg, the line strengths for other known Felll lines (i.e., 
at 4164.73, 4419.60 and 4431.02 A) were found to all be 
stronger than the line at 4352.58 A, also seen in 7 Peg. It is 
unlikely that the observed feature is due to iron as there are 
no other absorption lines of Fe ill detected. Another possibil- 
ity is that is is due to nitrogen, as there is a Nil line expected 
at 4352.22 A. However, model atmospheric calculations in- 
dicate that this N 11 feature should be very weak and so no 
identification for this line is currently available. 



4.2 Comparisons with previous work 

4-2.1 Atmospheric parameters 

In Table |5| the atmospheric parameters for ROA 5701 are 
su mmarized Eis derived in this paper a,nd from previous stud - 
ies llNorrislll974 ICacciari erai]ll984l: iMoehler et alJIiggsTl . 

From a n ana lysis of narrow-band and UB V observations, 
|Norrid (119741) found T^a and log g estimates. ICacciari et alJ 
1 19841) obtained an estimate for the effective temperature 
based on UV spectr a from the Internation al Ultraviolet Ex- 
plorer{IUE) satellite. |Moehler et al.llll998h used high resolu- 
tion ESO Cassegrain Echelle Spectrograph (CASPEC) op- 
tical spectra and UV data obtained with the Goddard High 
Resolution Spectrograph (GHRS) to obtain their results. 
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Table 3. Absolute abundances for ROA5701 along with the estimated uncertainties. The bracketed values (column two) represent the 
number of lines observed for ea ch species. Also li sted are the results derived for ROA 5701 by Moehlcr et al. 1 1998), the values for young 
B-type stars in the local field iKilian 199l ll994l and in the Galactic cluster NGC6611 (Hunter; in preparation), and abundances in the 
interstellar medium iWilms ct al,,.2000') . 



ROA 5701 Young B-type Star 

Species This paper Moehler et al. (19981 Local Field NGC6611 ISM 



Oil <6.51 ± 0.18 (1) <5.85 8.20 7.95 8.38 

Nil 7.05 ± 0.15 (8) 6.86 7.69 7.59 7.88 

On 7.75 ± 0.13 (34) 7.97 8.55 8.55 8.69 

Mgii 6.27 ± 0.19 (1) ■■• 7.38 7.32 7.40 

Sim 5.94 ± 0.27 (3) 6.14 7.28 7.41 7.27 

Si IV 5.95 ± 0.47 (2) 

Aim <5.21 ± 0.23 (1) ■■• 6.22 ■•• 6.33 

Sm 5.71 ± 0.21 (1) ■■• 7.25 ■•• 7.09 

Fem ■■• 4.79 ■■■ 7.50 7.43 



Comparing the atmospheric parameters obtained in this 
paper, indicates that there is good agreement with those pre- 
viously found. The effective temperature and surface grav- 
ity estimates are wit hin the range s of the previous values, 
with the exception of iNorrij il974) . This is most likely due 
to differ ent values of iB-V) u sed in t heir c alculations, as 
cited in ICacciari et alJ l)l984h . iKihanI (|l992l l states that a 
spectroscopic analysis produces more reliable atmospheric 
parameters than a photometric analysis, so the Balmer line 
profiles and the silicon ionization equilibrium should be re- 
liable methods for T^s and log g, indicating that the values 
deduced here are credible. 

The microturbulence obtained bv lMoehler et all (ll99St l 
differs depending on the method adopted. Two values are 
presented, the larger (20 kms~^) derived from the On lines, 
but if Felll tra nsitions are emp l oyed t he value decreased 
to 2-3 kms~^. iGies fc Lamberj lll992l) note that includ- 
ing non-LTE effects reduces high microturbulence velocities 
compared to using LTE effects, from 20 kms~^ to approxi- 
mately 10 kms~^ for the O ll spectrum. We test this for our 
data using the tlusty grid to obtain a LTE microturbu- 
lance from our observed lines. An estimate of 10 kms~^ was 
calculated, whic h is higher than our non -LTE value, thus in 
agreement with iGies fc Lamberj I^Q^) ■ Allowing for non- 
L TE effects give s agree ment between our values and that 
of lMoehler et al.l ||l998[), within the estimated error. In gen- 
eral, we believe that the values presented in this paper are 
more reliable than the previous results discussed, due to im- 
provements in the quality of the observational data and the 
theoretical models adopted. 



4-2.2 Chemical composition 

iMoehler et al.l il998l) have previously analysed ROA 5701, 
and their absolute abundance estimates are shown in Ta- 
ble|H] along with our abundance estimates. As stated above, 
they used CASPEC and GHRS spectra, using both a curve- 
of-growth method and spectrum synthesis with an LTE grid. 
From the optical spectrum, abundances for C, N, O and Si 
were obtained, and an iron abundance from the UV spec- 
trum; Mg, Al and S were not observed. Error estimates for 



the measured equivalent widths were not included in their 
tables 2 and 3, but for the values given there is general agree- 
ment with those found here (to within appr oximately ± 10 
mA). We note that the lMoehler et all lll998t) abundance re- 
sults in Table 13 are the average of their curve-of- growth and 
spectrum sythesis results. 

Absolute abundances may contain systematic errors due 
to uncertainties in the atmospheric parameters and atomic 
data. In order to minimize such errors, the ROA 5701 abun- 
dances were also compared with young B-type star values, 
of known chemical composition (Population l), found using 
similar non-LTE models (Table |1] which also contains dif- 
ferential abundances relative to the ISM) .Where possible, 
the results from the cluster NGC6611 (Hunter; in prepara- 
tion) were used, as these were derived using the same model 
atmosphere non-LTE calculations. 

Comparin g our abundances with those found by 
iMoehler et al] lll99d) . we see similar trends of underabun- 
dance. Their carbon value is much lower than ours despite 
having used the same upper limit value for the equivalent 
width. This lower abundance could be due to differences 
in their model atmosphere calculations, especia lly given th e 
large non-LTE effects predicted for the C ll ion jSigulll99(]^ . 
but the result found here is in better agreement with the C 
abundance of other stars found in uo Cen. 

Our O, N an d Si abundance values differ from 
IMoehler et al.l il998l) by typically .2 dex, this could be due 
to non-LTE effec ts. For example, iGies fc Lamber j (|^93) 
and iKilianI il994l) found that, for B-type stars, LTE abun- 
dances agree to 0.2 dex with corresponding non-LTE val- 
ues. To test if non-LTE effects are the cause of abundance 
differences, we have derived, using the tlusty grid, LTE 
abundances for carbon of <6.25, nitrogen of 7.12, oxygen 
of 7.96 and silicon of 6.32 dex. Our oxygen abundance i s 
in very good agreement with that of lMoehler et al] il99d) . 
The nitrogen and silicon abundances are 0.26 and 0.18 dex, 
respectively, larger, while the carbon abundanc e is in bet- 
ter agreement with that of lMoehler et al.l il998h . compared 
to our non-LTE value, although it is still an upper limit. 
The increase in LTE abundance est i mates for C, N and Si, 
compared to those of lMoehler et alJ lll998l) . could be due to 
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using different atmospheric parameters and equivalent width 
estimates. The non-LTE results should be more reliable, as 
non-LTE models and more lines have been used to calculate 
the abundances, thereby reducing associated errors. 

N o abundance estimates were derived bv lMoehler et all 
l)l998() for Mg or S, as no lines from these elements were 
observed. Therefore, our results yield new abundance mea- 
surements for these species in ROA 570 L Compared with 
the other derived abundances, they show similar abundance 
patterns and this is discussed further in the following sec- 
tion . 

iMoehl er et al.l (|199Sf) were able to use their UV spec- 
trum to obtain a differential iron abundance of [Fe/H] — 
-2.7 dex, which is lower than that found for any other star 
in u Cen to date. However, even in metal-poor stars, the 
UV spectral region is crowded so continuum placement is 
difficult. Mochler ot al. (1998) indicate that an uncertainty 
of 5 per cent in the continuum definition of their spectrum 
would give an error of 0.2 dex in their iron abundance. There 
may also be systematic errors which could be reduced if 
abundances were compared with young B-type stars. This 
is unfortunately not possible for the UV Felll lines, as nor- 
mal B-type stellar spectra are affected by line crowding and 
often saturation. 

4.3 Evolutionary status 

Studies of post-AGB stars have shown that some of these ob- 
jects exhibit abundance trends similar to that of interstellar 
gas, i.e., with CNO and S near solar and Mg, Si, Ca, etc fol- 
lowing the low abundances of Fe llVan Winckel et al.|l99E|). 
Examples of such ob jects include HP 4670 3 jLuck fc Bond 
11984) and HD 56126 ijParthasarathv et al.lll992l V Grain for- 
mation in the circumstellar shells of stars during the AGB 
evolution has been suggested to explain the origin of such 
a 'cleaned-up' photosphere. The premise is that during the 
AGB phase, in the cool atmosphere of the star, a circum- 
stellar shell is formed in which dust condenses. Dust parti- 
cles are removed by radiation pressure, while the 'cleaned' 
gas is re-accreted onto th e stellar surface ( Mathi s fc Lamera 
1 19921: 1 Waters et al.lll993) . Iron, and similar metals, have a 
high condensation temperature, so are more likely to con- 
dense onto dust grains. Elements such as C, N and O, with 
lower condensation temperature s, show no significant deple - 
tions and stay in the gas phase jParthasarathv et al.lll993) . 
Hence, the remaining re-accreted gas forms an iron-poor at- 
mosph ere. 

M oehler et"ai] (Il998l) suggest that ROA 5701 has un- 
dergone this gas-dust separation as they found a very low 
Fe abundance, with N and O relatively undepleted. How- 
ever, in this scenario one would expect Fe to have a similar 
depletion to Mg and Si, as these would also be subject to 
grain formation ( Ueda ct al. 2005). From our work we find 
that Mg and Si are underabundant by [Mg/H] = -1.1 ± 0.2 
dex and fSi/ H1= -1.3 ± 0.3 dex ( relative to the ISM; Table 
|1J|. However iMoehler et al.l il998l) derive a Fe abundance of 
[Fe/H] = -2.6 dex (relative to the ISM) from Hubble Space 
Telescope (HST) spectra, which is more than 1.0 dex lower 
than the Mg and Si values we find. Also, we have derived an 
abundance for S of [S/H] = -1.4 ± 0.2 dex (relative to the 
ISM), so the Mg, Si and S values agree with each other and 
are consistent with the average metallicity of the cluster. 



namely [Fe/H] = -1.2 dex JPiotto et alJl2005l) . This resufi 
would remain unchanged if we had adopted abundance es- 
timates relative to those from young B-type stars. If grain 
formation has occured, one would expect S to be relatively 
undepleted and therefore not have an adundance pattern 
in agreement with those of Mg and Si, thus implying that, 
for ROA 5701, there is no evidence of a 'cleaned-up' pho- 
tosphere. There are two possibilities to explain the abun- 
da nce patterns se e n. Eit her the iron abundance suggested 
by iMoehler et alJ lll998fl is incorrect, or it is indeed very 
low and an alternative mechanism is needed to explain the 
abundance results found. 

One explanation for the low Fe abundance is s- 
processing, with Fe reduced via successive neutron cap- 
ture of ^''Fe. This scenario has been applied to H-deficient 
very hot post-AG B stars, e.g., PG1159 typo star Kl-16 
(HcrwiE, Lugaro fc Werner! 12003: Werner fc He rwig 200^. 
However s-process enriched objects are known to cover 
a ra nge of metall i cities between [Fe/H] = -0.2 to -1.0 
dex jVa n Win ckel |2003^ . much greater than the value 
IMoehler et al.1 lll998 » find for ROA 5701, i.e., [Fe/H] = - 
2.7 dex. Also, this mechanism is normally observed in post- 
AGB stars whi ch have C-rich circumstellar material, suc h 
as HD 158616 iArellano Ferro. Giridhar fc Mathia^ 1200 iT) . 
By contrast, we have found C to be deficient by [C/H] 
< -1.4 dex and so s-processing seems unlikely. The low 
C abunda nce could be expla ined by hot bottom burn- 
ing (HBB:lMoonev et ai]|200lD . as suggested for V453 0ph 
iDeroo e'tedn2005r ! In this, temperatures become large 
enough for CNO processing to begin at the base of the con- 
vective env elope, w i th ^^C converted to ^''N and moved to 
the surface. iHerwid (jioO^ suggests that HBB may have an 
important role at extremely low metallicities. Only Popula- 
tion I stars of initial mass M ^ 5 Mq ^and Population ll stars 
of M ^ 3.5 Mq, experience HBB ^'Antona fc MazzitelJI 
Il996tl . and as the initial mass of ROA 5701 is unknown, no 
conclusions can be made regarding this process. 

The Fe abundance pattern observed in ROA 5701 does 
not appear to be plausible in terms of s-proc essing. For the 
abund ance patterns of the other elements, IMoehler et alJ 
il998h note that it is not necessary to invoke dredge-up dur- 
ing the AGB phase to explain these, but a moderate third 
dredge-up cannot be ruled out. Th e processes of dredge - 
up are well known (see, for example. Ilben fc Renzinilll983f) . 
Briefly, dredge-up occurs during the stars evolution as the 
products of hydrogen and helium burning are transported 
from the core to the surface, changing the surface abun- 
dances. At the first dredge-up, the surface ^''N abundance 
is increased at the expense of ^^C, while the ^®0 abun- 
dance sees little change. During the second dredge-up, hy- 
drogen products are again moved to the surface, with ^^C 
and ^^O almost completely converted to ^*N. The third 
dredge-up sees the products of the helium burning cycle, 
following the triple-a process, brought to the surface. As 
a result, '^^C is enhanced relative to ^^N and ^^O, ^'*N be- 
ing formed during the hydrogen burning and ^®0 formed 
through a-capture by carbon atoms. Also s-process elements 
are dredged-up to the surface, and so wo uld provide evi- 
dence for the third dredge-up iLucklll993h . Objects which 
have undergone the third dredge-up would, therefore, have 
C-ric h material, for example K 648 in the globular cluster 
M15 jRauch. Heber fc Werneill2002l) . 
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Table 4. Differential abundances of ROA5701 relative to, young B-typc stars from Hunter (in preparation), where available, and 
supplemented bv .Kil ian (1992, 1994)*, and the interstellar medium fwilms ct al. 2000). 



Element Young B-type stars ISM 

This paper Moehler et al. C1998') This paper Moehler et al. (1998) 



c 


< -1.4 


< -2.1 


< -1.9 


< -2.5 


N 


-0.5 


-0.7 


-0.8 


-1.0 


O 


-0.8 


-0.6 


-0.9 


-0.7 


Mg 


-1.1 




-1.1 




Si 


-1.5 


-1.3 


-1.3 


-1.1 


Al 


< -1.0* 




-1.1 




S 


-1.5* 




-1.4 




Fe 




-2.7 




-2.6 



Hotter post-AGB objects display a deficiency in C, un- 
like cool post-AGB stars, wliicli suggests that they must 
evolve off the AGE before the third dredge-up begins, as 
the final convection wo uld bring the prod ucts of helium 
burning to the surface iMoonev et alJl2002h . Carbon defi- 
ciencies have been observed in hotter objects with a lack of 
third dredge-up s uggested, fo r example, ZNG-1 in the glob- 
ular cluster M 10 llMoonev e t al. 20o i), Barnard 29 in M 13 
JConlon et al.lll994^ andHD 341617 llVloonev et aIll2002^ . 

ROA5701 follows the trends seen in typical hot, post- 
AGB stars. The C abundance is [C/H] < -1.4 ± 0.2 dex, 
with O and N underabundant by [0/H] = -0.8 ± 0.1 dex 
and [N/H] = -0.5 ± 0.2 dex, relative to young B-type stars 
(Table |1J. Hence N, and O to a lesser extent, are enhanced 
relative to the other elements an d the average metallicity of 
the cluster. fMoehler et al.l lll99^ observe a similar enhance- 
ment of N and O relative to the other elements. However 
their N abundance is not increased relative to O probably 
because they observed fewer N ll lines. For C, only an up- 
per limit could be set for the abundance, which indeed is 
lower than the average metallicity of the cluster. The C, N 
and O abundances measured here imply that ROA5701 has 
undergone the first and second dredge-ups as the hydrogen 
burni ng p roducts appear to have been brought to the sur- 
face jMcC ausland et al. 1992; Conlon ct al. 1994). There- 
fore, the C underabundance suggests that, as with other 
post-AGB stars, ROA5701 has left the AGB before the on- 
set of the third dredge-up. 

We have investigated whether ROA5701 could be an 
AGB-manque star originating from the Extreme Horizon- 
tal Branch (EHB), with diffusion s till active and causin g 
the low iron a bundance obser ved b y iMoehler et all il99Sl) . 
iDorman. Rood & O'Connclj I^Q^) uses the terminology 
EHB to describe HB sequences of constant mass that do not 
reach the thermally pulsing stage on the AGB. Instead, fol- 
lowing core helium exhaustion, they evolve into either post 
early-AGB stars, which leave the AGB before thermal puls- 
ing, or AGB-manque stars, which never develop extensive 
outer convective zones and so do not reach the AGB. EHB 
stars have envelope masses that ar e too small to reach the 
end stages of normal AGB evolution. iLandsman et all (Il992l) 
give the luminosity of ROA5701 as log (L/Lq) = 3.2, which 
combined with the evidence for the occurance of the first and 
second dredge-ups implies that ROA5701 has evolved along 
the AGB. Therefore, ROA5701 does not appear to be an 
AGB-manque star, so the low iron abundance cannot be 
explained via this scenario. However, it is reasonable that 



ROA5701 could be a post early-AGB star as there is no 
evidence for the occurance of the third dredge-up, s ee for 
example PHL 158 and PHL 174 dConlon et alJll991^ . and 
ID6 in NGC 5986 djasniewicz et alJl2004^ . 

Assuming that the star has not undergone the third 
dredge- up or followed a gas-dust separati on, the origin of 
the low Fe abundance suggested by Moehle r et al.l lll99d) re- 
mains unclear. Hence a more detailed investigation into this 
abundance is required. As stated previously, it is possible 
that with higher signal-to-noise optical spectra Felll lines 
could be detected. We plan to seek such observational data 
in the future and examine the i/ST-UV spectra to improve 
upon the exisiting iron abundance estimate. 



ACKNOWLEDGMENTS 

We are grateful to David Pinfield, Fergal Crawford, and the 
staff of the AAT for obtaining the observations. We would 
like to thank Ian Hunter for his assistance with data re- 
duction and analysis, and Carrie Trundle for her help with 
line identification. We thank the anonymous referee for their 
helpful comments. H.M.A.T. acknowledge financial support 
from the Northern Ireland Department of Education and 
Learning (DEL). F.P.K. is grateful to AWE Aldermaston 
for the award of a William Penney Fellowship. 



REFERENCES 

Arellano Ferro A., Giridhar S., Mathias P., 2001, A&A, 
368, 250 

Barnes J., 1993, A Beginner's Guide to Using iraf, NOAO 
Laboratory 

Bedin L. R., Piotto G., Anderson J., Cassisi S., King I. R., 

Momany Y., Carraro G., 2004, ApJ, 605, L125 
Cacciari C, Caloi V., Castellani V., Fusi Pacci F., 1984, 

A&A, 139, 285 
Conlon E. S., Dufton P. L., Keenan F. P., McCausland R. 

J. H., 1991, MNRAS, 248, 820 
Conlon E. S., Dufton P. L., Keenan F. P., 1994, A&A, 290, 

897 

D'Antona F., Mazzitelh I., 1996, ApJ, 470, 1093 

Deroo P., Reyniers M., Van Winckel H., Goriely S., Siess 

L., 2005, A&A, 438, 987 
Dixon W. v.. Brown T. M., Landsman W. B., 2004, ApJ, 

600, L43 



A non-LTE abundance analysis of ROA 5701 9 



Dorman B., Rood R. T., O'Connell R. W., 1993, ApJ, 419, 
596 

Dufton P. L., Brown P. J. F., Fitzsimmons A., Lennon D. 

J., 1990, A&A, 232, 431 
Dufton P. L., Ryans R. S. I., Trundle C, Lennon D. J., 

Hubeny I., Lanz T., Allende Prieto C, 2005, A&A, 434, 

1125 

Eber F., Butler K., 1988, A&A, 202, 153 

Gies D. R., Lambert D. L., 1992, ApJ, 387, 673 

Harribly N. C, Dufton P. L., Keenan F. P., Lumsden S. L., 

1996a, MNRAS, 278, 811 
Hambly N. C, Keenan F. P., Dufton P. L., Brown P. J. F., 

Saffer R. A., Peterson R. C, 1996b, ApJ, 466, 1018 
Herwig F., 2005, ARA&A, 43, 435 

Hcrwig F., Lugaro M., Werner K., 2003, in Canberra, Kwok 
S., Dopita M., Sutherland R., eds, Proc. lAU Symp. 209, 
Planetary Nebulae: Their Evolution and Role in the Uni- 
verse. Astron. Soc. Pac., p. 85 

Hilker M., Kayser A., Richtlcr T., Willemsen P., 2004, 
A&A, 422, L9 

Howarth 1. D., Murray J., Mills D., Berry D. S., 2004, Star- 
link User Note 50.24: DIPSO - A Friendly Spectrum Anal- 
ysis Program, Rutherford Appleton Laboratory/CCLRC 

Hubeny I., 1988, Comp. Phys. Comm., 52, 103 

Hubeny L, Lanz T., 1995, ApJ, 439, 875 

Hubeny, I., Heap, S.R., Lanz, T., 1998, in Boulder-Munich, 
Howarth L D., eds, ASP Conf. Ser. Vol. 131., Properties 
of Hot, Luminous Stars. Astron. Soc. Pac, San Francisco, 
p. 108 

Hunter L, Dufton P. L., Ryans R. S. L, Lennon D. J., RoUe- 

ston W. R. J., Hubeny L, Lanz T., 2005, A&A, 436, 687 
Iben I. Jr., Renzini A., 1983, ARA&A, 21, 271 
Jasniewicz C, de Laverny P., Parthasarathy M., Lebre A., 

Thevenin F., 2004, A&A, 423, 353 
Kilian J., 1992, A&A, 262, 171 
Kilian J., 1994, A&A, 282, 867 
Kwok S., ARA&A, 1993, 31, 63 
Landsman W. B. et al., 1992, ApJ, 395, L21 
Landsman W., Moehler S., Napiwotzki R., Hebcr U., 
Sweigart A., Catelan M., Stecher T., 2000, in Leigc, Noels 
A., Magain P., Caro D., Jehiri E., Parmentier G., Thoul 
A. A., eds, 35th Leige Int. Astrophys. Colloq., The Galac- 
tic Halo: From Globular Cluster to Field Stars. Inst. 
d'Astrop. et de Geop., Belgium, p. 515 
Lee J -K., Rolleston W. R. J., Dufton P. L., Ryans R. S. 

I., 2005, A&A, 429, 1025 
Luck R. E., 1993, in Cambridge-Massachusetts, Sasselov D. 
D., eds, ASP Conf. Ser. Vol. 45, Luminous High-Latitude 
Stars. Astron. Soc. Pac, San Francisco, p. 87 
Luck R. E., Bond H. E., 1984, ApJ, 279, 729 
Mathis J. S., Lamers H. J. G. L. M., 1992, A&A, 259, L39 
McCausland R. J. H., Conlon E. S., Dufton P. L., Keenan 

F. P., 1992, ApJ, 394, 298 
Massey P., 1997, A User's Guide to CCD Reductions with 

IRAF, NOAO Laboratory 
Massey P., Valdes F., Barnes J., 1992, A User's Guide to 

Reducing Slit Spectra with iraf, NOAO Laboratory 
Moehler S., 2001, PASP, 113, 1162 

Moehler S., Heber U., Lemke M., Napiwotzki R., 1998, 

A&A, 339, 537 
Mooney C. J., Rolleston W. R. J., Keenan F. P., Dufton 

P. L., PoUacco D. L., Magee H. R., 2001, MNRAS, 326, 



1101 

Mooney C. J., Rolleston W. R. J., Keenan F. P., Dufton 

P. L., Smoker J. V., Ryans R. S. I., Aller L. H., 2002, 

MNRAS, 337, 851 
Mooney C. J., Rolleston W. R. J., Keenan F. P., Dufton 

P. L., Smoker J. V., Ryans R. S. I., Aller L. H., Trundle 

C, 2004, A&A, 419, 1123 
Napiwotzki R., Heber U., Koppen J., 1994, A&A, 292, 239 
Norris J., 1974, ApJ, 194, 109 
Norris J., 2004, ApJ, 612, L25 
Oudmaijer R. D., 1996, A&A, 306, 823 
Parthasarathy M., Garcia Lario P., Pottasch S. R., 1992, 

A&A, 264, 159 
Piotto et al., 2005, ApJ, 621, 777 

Rauch T., Heber U., Werner K., 2002, A&A, 381, 1007 
Ryans R. S. I., Hambly N. C, Dufton P. L., Keenan F. P., 

1996, MNRAS, 278, 132 
Ryans R. S. I., Dufton P. L., Mooney C. J., Rolleston W. 

R. J., Keenan F. P., Hubeny I., Lanz T., 2003, A&A, 401, 

1119 

Sarkar G., Parthasarathy M., Reddy B. E., 2005, A&A, 
431, 1007 

Sigut T. A. A., 1996, ApJ, 473, 452 

Trundle C, Lennon D. J., Puis J., Dufton P. L., 2004, A&A, 
417, 217 

Ucda Y., Mitsuda K., Murakami H., Matsushita K., 2005, 

ApJ, 620, 274 

Valdes F., 1993, Guide to the Slit Spectra Reduction Task 
DOECSLIT, NOAO Laboratory 

Van Winckel H., 2003, ARA&A, 41, 391 

Van Winckel H., Waelkens C, Waters L. B. F. M., 1995, 
A&A, 293, L25 

Wallace P. T., Clayton C. A., 1996, Starhnk User Note 78.8: 
RV - Radial Components of Observer's Velocity, Ruther- 
ford Appleton Laboratory/CCLRC 

Waters L. B. F. M., Trams N. R., Waelkens C, 1992, A&A, 
262, L37 

Werner K., Herwig F., 2006, PASP, 118, 183 
Wilms J., Allen A., McCray R., 2000, ApJ, 542, 914 
Zijlstra A. A., Loup C, Waters L. B. F. M., de Jong T., 

1992, A&A, 265, L5 
Zinn R. J., Newell E. B., Gibson J. B., 1972, A&A, 18, 390 



